The method is found to be successful in determining fault location on series-compensated transmission lines. The effects of the compensation level, fault resistance, and phase angle are investigated.
Introduction
Series compensation is a practical and economical solution in reducing reactance for long transmission lines, thereby improving their voltage profile and increasing line-transfer capability; this results in less reactive power consumption and transmission-line loss [1] [2] [3] [4] . Although series compensation is provided by capacitors, a protective circuit is required in the case of failure, when the voltage on the capacitor may exceed its normal value, damaging it. Metal oxide varistors (MOVs) and air gaps are used as typical protective circuits [5] [6] [7] [8] .
However, the nonlinear behaviors of MOVs may affect accuracy [4] .
The techniques for fault location can be classified as phasor-measurement-unit (PMU)-based algorithms [9, 10] , time-domain-line-model-based techniques with distributed parameters [11, 12] , and traveling wave-based methods [13, 14] . PMU-based algorithms utilize two different approaches for estimation of the fault distance, namely one-end [9] or two-end measurements [10] .
Some papers have used the distributed time-domain linear model, which has good accuracy for estimating fault location, regardless of the fault type, inception angle, or impedance of the fault [11, 12] . However, current and voltage samples must be synchronously taken from the two ends of the line, which is sometimes difficult.
Traveling wave-based algorithms that employ wavelet transforms are another class of methods for estimating fault location on series-compensated lines [13, 14] . They are applicable to any network configurations and neither the impedance nor the inception angle in any type of fault influences the accuracy. However, a high sampling rate is required for analysis [13, 14] .
A transient signal spectrum, in conjunction with the traveling wave theory, can also be used for faultdistance determination [15, 16] . This method has been previously tested for uncompensated [15, 16] and seriescompensated transmission lines [17, 18] . In [17] , a transmission line with series compensation is considered and the location of a line-to-ground fault was estimated; however, the protection circuit was not considered in the simulations. In [18] , all types of faults were considered on a long transmission line with a series-compensation model comprising a capacitor, as well as a protection circuit comprising an MOV and an air gap with an RL damping circuit. However, different series-compensation levels have yet to be tested. In this study, the method is extended to estimating fault location on long transmission lines with different series-compensation levels for all fault conditions and types. Alternative Transients Program (ATP) software [19] is used to simulate a seriescompensation line model to obtain transient voltage and current samples, and the developed algorithms are implemented in MATLAB. The results obtained show that the method is successful at estimating the locations of the faults of transmission lines with series compensation. In addition, the method is not influenced by the compensation level, the phase angle at the instant of the fault, or the resistance of the fault point. This paper is organized as follows: after the introduction, the series-compensation design on long transmission lines is presented in Section 2. In Section 3, the theory of traveling wave-based fault-estimation method is given. In Section 4, the simulation model and the application results are presented and the effects of fault resistance, phase angle, source inductance, and compensation level are investigated.
Series-compensation model
Fixed or controllable capacitors are used for the compensation of transmission lines. Each technique has different advantages. Control over the line's power flow can be better achieved by electronically controlled series compensation [3] . However, this may influence the load current, as well as certain system parameters such as line impedance [3] . Therefore, in this study, a fixed-capacitor series-compensation model, which is preferred in common usage, is considered in the simulations.
The fixed-capacitor model installed on a long transmission line is composed of three main units. These are the capacitors, the MOV, and the air gap with RL damping, as depicted in Figure 1 . The functions of these three units are explained next.
Capacitor unit
Series compensation is performed by placing capacitors at the midpoint or at both ends of a line to reduce inductive-reactance and to increase loading capacity. This ensures a much more stable system with reduced system losses. The influence of series compensation on a transmission line depends on the compensation degree (k), which is determined as:
Here, X C represents the capacitive-reactance value of the capacitor, and X L represents the inductive reactance of the line. Optimal values of the series-compensation level range from 30% to 70% depending on the application [1] . In the case of failure, the voltage on the capacitor may sometimes exceed its rating voltage. In this case, the capacitor needs protection and therefore control circuits are intended to prevent the capacitor from being damaged in this situation. Commonly proposed protection circuits include MOVs and air gaps with RL damping [5] [6] [7] [8] . 
MOV unit
MOVs are circuit elements that offer capacitors protection against high voltages [1, [3] [4] [5] [6] [7] [8] . In the seriescompensation model, the line current is divided into two components: the capacitor and the MOV currents. The current does not pass through an MOV under normal conditions but, during a failure, such a current can occur as a consequence of the high voltage level on the capacitor [4] . The VI characteristic of the MOV is nonlinear and can be described using the following equation:
where V ref and p are defined as the reference quantities of MOV, and exponent q is typically of the order of 20-30 [4] . The reference voltage value of the MOV can be determined with the following equation [8] :
In this equation, the protection level required to protect the capacitors is typically 2.5 times the nominal system voltage.
Air gap with RL damping unit
After compensation, the energy value of the MOV can sometimes be at a dangerous level, so an air gap is employed to protect the MOVs and capacitors [7, 8] . The air gap sparkles over at a particular voltage level, and the RL damping system, which consists of a parallel connected inductor and resistor, serves to limit the current [7, 8] .
Fault-distance estimation using the traveling wave theory
Although the theory of traveling waves has already been presented in [20] , its outlines are repeated here for convenience. To calculate the voltage and current phasors V and I at any point on the line, the following equations can be used [20] :
where γ = √ zy is the propagation constant, z o = √ z/y is the surge impedance of the line, z is the series impedance, and y is the shunt admittance per unit length.
The constants C 1 and C 2 are evaluated based on the boundary conditions of the transmission line. The propagation constant is written as γ = α + jβ , where α is the attenuation constant measured in nepers per unit length and β is the phase constant in radians per unit length. If β is the phase shift in radians per km, the wavelength λ in km is:
The propagation velocity is then determined as v = λf , which is also
in terms of the line parameters inductance, l , and capacitance, c . Let τ f be the surge-travel time from the point of the fault to the point of measuring, which is determined as:
Here, x is the fault distance. If the speed of the wave and the transient frequency f i d is known, the following equation can be used to determine the fault distance [15] [16] [17] [18] :
Simulation model
In this study, a 50-Hz, 380-kV overhead transmission line of length 600 km is simulated. The tower configuration of the transmission system is illustrated in Figure 2 and the physical parameters for the lines are given in [16] . The simulation model for the transmission system without series compensation in ATPDraw is shown in Figure  3 . In Figure 4 , an ATPDraw model of the series-compensated transmission system is shown.
In the simulation, the series-compensation model is localized at the midpoint. Therefore, depending on whether the fault is located in the first half (before the midpoint) or the second half (after the midpoint) of the line, two different network configurations, each having three line sections, are considered for fault analysis. For a fault located before the midpoint of the line, the compensation-circuit model is installed after the 2nd line model, as shown in Figure 4a . The 3rd line maintains a constant length of 300 km. For a fault located after the midpoint of the line, the compensation-circuit model is installed after the 1st line, as shown in Figure 4b .
As fault-generated transient frequencies are always greater than the power frequency, a frequencydependent line model should be used. Therefore, Marti's line model was chosen for this study [21] . This line model is currently used in most transient-analysis programs and has been shown to be accurate and efficient in most simulation cases [22] .
After obtaining the current and voltage waveforms from the simulations, a modal transformation is applied. Positive-sequence current and voltage data are employed for fault-distance determination since the positive-sequence inductance of the overhead lines is independent of frequency. The voltage and current quantities are transformed to the modal ones by:
where the subscripts p and m are used to define the phase and modal quantities, respectively. For a three-phase line with transposed conductors, the transformation matrix and its inverse are:
A fast Fourier transform (FFT) is used for time-to-frequency conversion of the modal current and voltages. The obtained spectrum provides fault-location data. 
Simulation results
In the test network, the source resistance and inductance are selected to be 0. 
In the case of the LL, LLG, and LLL faults, transient frequencies are very definite, as seen in Figures 5 and 6 . However, in the case of the LG fault, the transient frequencies are sometimes difficult to identify. Nevertheless, fault distance can still be determined. The estimated values for fault location in the case of the LG fault at several different locations and series-compensation levels are presented in Table 1 . As transient frequencies are much higher than the power frequency and because the impedance of the compensation capacitor decreases as frequency increases, the effect of series compensation is very limited. For example, for a fault at 500 km, the first transient frequency is 300 Hz and the impedance of the series capacitor reduces 6 times at this frequency compared to its impedance at the power frequency. As fault distance decreases, the frequencies of the transient harmonics and the impedances of the series capacitors respectively increase and decrease accordingly. The estimated distances for other types of faults (LL, LLG, and LLL) are found to be the same, and the tabulated results for different series-compensation levels are presented in Table 2 . When the results are examined, it can be seen that the percentage error is high for the LG fault. It also is noticeable that the percentage error increases along with distance for almost all types of faults. Considering this, it can be determined that the error in fault distance can be reduced by a two-end measurement. In Tables 3 and 4 , the effect of fault resistance and phase angle on location is presented by comparing the results obtained for different compensation levels. As can be seen from these tables, the method is not affected by fault resistance, phase angle, or series-compensation level. The effects of source inductance on fault location for a three-phase fault on transmission lines with different series-compensation levels are presented in Table 5 . When the data in this table are examined, it is noticeable that the source impedance has a negative effect on the accuracy of estimated fault location. This is due to the influence of lumped inductance on wave speed. However, it has been shown that the fault distance can be determined within a reasonable error by modifying the distributed line inductance step-by-step through the inclusion of delay effects that occur due to lumped source inductance [16, 18] . This procedure is known as waveform relaxation and is described here for convenience: Step 1: Set i = 1 and x i = total line length
Step 2: Calculate modified line inductance, l i = l + 2Ls xi
Step 3: Calculate modified propagation velocity, v = 1/ √ l i c
Step 4: Calculate corrected fault distance, x i+1 = vτ
Step 5: If |x i+1 − x i | ≤E max or i = N stop; otherwise, increment x i+1 = x i and i = i +1 and go to Step 2 Here, N is the maximum number of loops allowed. The estimated fault location x i is determined using the fault-location expression presented in Step 1. The inductance of the transmission line is modified in Step 2. Wave velocity is calculated accordingly using the new inductance value of the transmission line in Step 3. The corrected fault distance is determined in Step 4 and finally the fault-location error is estimated using the subsequent results in Step 5. If the error is greater than the specified value, the algorithm will be repeated. This cycle continues until the algorithm achieves a reasonable accuracy. Tests indicate that even two loops are sufficient for reasonable accuracy.
Estimation values for several source inductances before and after improvement of the procedure are presented in Table 5 . The largest error is 7.53%, which reduces to 0.38% after improvement. Using this procedure, good enhancements can be achieved for other types of faults.
Conclusion
Short-circuit faults may lead to considerable economic losses in power systems. Therefore, the location of a fault needs to be specified with high accuracy as soon as possible. In this study, fault distance was determined for compensated transmission lines with different series-compensation levels using a traveling wave-based method. Fault distance was detected by processing fault-generated transient voltage and current waveforms. FFT was used to transform the time-domain signal into the frequency domain. Frequencies corresponding to peak points in the spectrum were specified as frequencies of the fault transient. The method was tested for long transmission lines for different fault-inception angles, fault resistances, fault locations, and fault types. The simulation results showed that the proposed method was successful in determining the locations of four different short-circuit faults on long transmission lines with different series-compensation levels. It was also observed that this method was not affected by fault resistance or phase angle at the instant of the fault. In addition, a transient signal measured over one period was adequate for processing and successfully finding fault distance.
